Motivation: Finding the potential functional significance of SNPs is a major bottleneck in understanding genome-wide SNP scanning results, as the related functional data are distributed across many different databases. The SNP Function Portal is designed to be a clearing house for all public domain SNP functional annotation data, as well as in-house functional annotations derived from different data sources. It currently contains SNP functional annotations in six major categories including genomic elements, transcription regulation, protein function, pathway, disease and population genetics. Besides extensive SNP functional annotations, the SNP Function Portal includes a powerful search engine that accepts different types of genetic markers as input and identifies all genetically related SNPs based on the HapMap Phase II data as well as the relationship of different markers to known genes. As a result, our system allows users to identify the potential biological impact of genetic markers and complex relationships among genetic markers and genes, and it greatly facilitates knowledge discovery in genome-wide SNP scanning experiments. Availability:
INTRODUCTION
A Single Nucleotide Polymorphism (SNP) is a DNA sequence variation at a single nucleotide level. It is estimated that SNPs occur once per 100300 bases in the human genome. The dramatic increase in genotyping efficiency in the last couple of years has made large-scale high density genome-wide SNP association analysis practical for many research groups. It can be expected that these genome-wide SNP association studies will identify many SNP alleles related to various complex disorders. Identifying the causative relationships between many disease predisposing alleles and the corresponding disorders will be a major challenge.
Understanding the potential biological implications of SNP alleles will be more difficult than understanding influences of dynamics at gene expression or protein levels. This is because proteins are direct players in various molecular, cellular or higher level pathophysiological processes. In addition, though mRNAs per se do not directly participate in these processes under most circumstances, the regulation of mRNA expression has proven to be a critical mechanism in biological function regulation. Consequently, as a working hypothesis, mRNA and protein variants can often be treated as indicators of functional changes in the corresponding genes.
Genotype data, on the other hand, have much more complex and indirect relationships with genes and proteins. In the simplest scenario, a SNP allele may cause a key amino acid residue change in a critical protein functional domain and then alter protein function. Unfortunately, in many situations we do not fully understand the function or impact of a SNP allele. Even if a SNP allele causes an amino acid residue alteration in a protein, this substitution does not necessarily lead to biologically significant consequences. In fact, most SNPs are not even in the coding sequences of genes. They may influence biological processes in many conceivable ways: reduce transcription factor binding affinity to the promoter region, alter a microRNA binding site, change mRNA stability, modify the RNA splicing pattern, destroy an internal ribosomal binding site, etc. Given the complexity of the way that a SNP allele may influence the function of a protein, it is highly desirable to have a comprehensive database where researchers can easily access the most up-to-date SNP functional annotations.
Although there are several efforts on the functional annotation of SNPs, the coverage of existing commercial or public domain efforts is far from complete. So far these groups are each focusing on a narrow set of annotations, such as protein domain change, splicing, location of SNP in relationship to known genes, etc. (Bao & Cui, 2005; Kang et al., 2005; Kasprzyk et al., 2004; Maglott et al., 2005; Reumers et al., 2005) . Also it is often hard for the existing software to accommodate new or user created SNP functional annotations. As a result, the task of finding the potential functional consequences for a SNP allele associated with a given disease requires the exploration of many different data sources. Given the fact that a typical researcher is not likely to be fully knowledgeable about all major SNP annotations created by different research groups, it can be expected that most research groups may not thoroughly explore the functional consequences of the SNPs identified from genome-wide association studies. This is evident from existing publications, as most papers focus on SNPs that affect the coding, promoter, or splicing regions. Very few authors discuss other potential functional consequences such as mRNA stability and internal ribosomal binding site affinity that may be affected by variants. Such a limited focus, caused by the lack of appropriate tools or resources for understanding the full implications of SNP alleles, significantly hinders generation of testable hypothesis based on genome-wide association analysis results.
In addition, neighboring SNPs usually show different degree of linkage disequilibrium (LD). Consequently, although a SNP allele itself does not cause any functional difference, a tightly linked nearby allele may be the causative allele. With existing tools, a researcher has to go through the HapMap data set to find the LD region for a given population and then go to the dbSNP to find all SNPs in the same region before he/she is able to identify the potential functional impact of a SNP derived from a genome-wide association study. Such a process is very time consuming, so a highly automated procedure is of great assistance.
Furthermore, besides functional annotations at the molecular level (i.e., gene/mRNA/protein), it would be very helpful if an annotation system could associate SNPs with genes related to higher level cellular and pathophysiological processes, since most complex disorders have heterogeneous molecular etiology involving the combined effect of multiple molecular entities. Merely focusing on individual genes does not provide a big picture of all SNPs that may participate in the same cellular or pathophysiological process. In order to understand how heterogeneous molecular factors may lead to similar pathological phenotypes, it is necessary to have higher level functional annotation. This annotation should include pathway, gene ontology and disease association based on various criteria, for groups of SNPs that may have diverse molecular function implications but may collectively influence a common biological process.
Lastly, researchers need to have multiple ways to access the annotation data for different purposes. Of course, the majority of users would like to perform SNP function searches through a friendly web interface and explore various types of functional annotations based on the LD data derived from the HapMap project. However, some researchers may need to download specific annotations not available at other databases (e.g., SNPs overlapping with internal ribosomal entry sites or SNP groups based on KEGG pathways) for integration with their local databases or local algorithms that can take advantage of SNP function information. Even if the same annotation is available from other resources, it will be convenient to have a single source for curated links to various data download sites. Some advanced users may want to incorporate such SNP functional annotation capabilities in the web functions they are building. Consequently, it will also be helpful to establish web services based on WSDL/SOAP standards to enable programmatic access, providing the possibility of building complex web applications using functional annotation data developed by different groups.
The main goal of this work is to build a comprehensive SNP function portal to facilitate the understanding of functional implications of SNP alleles identified in genome-wide association studies. We integrate annotation from different databases and generate functional annotations based on various existing sequence and structure analysis algorithms. We also provide annotation of SNPs related to high level biological functions. We integrate a powerful SNP search function that utilizes the LD data from the HapMap project in the SNP function search process. The portal accepts generic markers including SNPs, genes, microsatellite markers and cytogenetic bands as input. To meet the requirements of different users, we currently provide a web service for identifying all genetically related SNPs, as well as batch annotation data download in multiple formats (text, Excel spreadsheet, etc.) . The SNP Function Portal greatly increases researcher's efficiency at SNP function exploration and it will be continuously improved by adding more features and functional annotations.
SYSTEM AND METHODS
The SNP Function Portal currently has three main modules: 1) a powerful SNP search function that maps input genetic markers to all physically or genetically related SNPs satisfying user's criteria, based on the HapMap II and dbSNP data 2) a SNP function data integration pipeline that obtains updated annotation data from external sources and generates annotations using existing sequence and structure analysis programs, and 3) a web interface that receives user input, generates a summary report and provides flexible browsing, filtering, sorting and downloading capabilities. The relational SNP database is built on Oracle 10g, with data downloaded and parsed from various sources as well as generated by our internal algorithms. The web function was implemented with the mix of .Net, ASP, JSP and Perl, and is hosted on a Windows 2003 Sever.
SNP search function
We believe a comprehensive SNP search capability is a necessity for any SNP functional annotation database. Based on our own experience, researchers may start a SNP function query for any type of genetic marker: SNP IDs, STS/microsatellite marker IDs, cytoband/genomic region or even gene/protein identifiers.
For example, researchers frequently want to identify potential functionally important SNPs using differentially expressed gene lists derived from gene expression analysis or disease-related candidate genes identified in literature. As a result, it will be highly desirable to use gene ID as input and to provide users the ability to define SNPs related to a gene based on criteria such as their distance from the gene, whether they share the same LD region with a gene, or locate in the gene promoter.
Furthermore, there is a large body of literature describing the linkage or association of STS/microsatellite markers and cytobands to various diseases. To the best of our knowledge, none of the existing web functions provides direct mapping of these genetic markers to SNPs based on their genomic locations and existing LD data, and such association may be extremely time-consuming to perform manually.
Thus, we developed a convenient SNP search function that will generate a complete list of SNPs based on genetic marker input and SNP filtering criteria provided by users. This is achieved through the integration of the data from the dbSNP, UniSTS, NCBI ideogram, Entrez Gene, NCBI human genome assembly and HapMap II project. In order to enable haplotype-based SNP filtering, we pre-calculated haplotype blocks in the four HapMap sample populations using two different methods. We will update haplotype calculations upon each new HapMap release or NCBI genome assembly release. The rest of the data used in the SNP search function are updated monthly to maintain their concurrence with the related data sources.
2.2.1 SNP functional annotation categories As mentioned previously, although there are a number of public and commercial efforts to provide functional annotations for SNPs, none of them has the desired coverage, and it is not easy to add new annotation to their solutions. In order to provide a comprehensive overview of SNP functional annotations to meet the requirements from different researchers, we collect SNP functional annotations from various sources and organize them into six major categories as shown in Table 1 . These categories form a core framework to encapsulate existing and new annotations in our database. The overview of general data sources, organization and flows is described in Figure 1. 
Data processing and integration pipeline
We have currently processed the majority of SNP functional annotation data listed in Table 1 . Besides parsing and integrating SNP annotation data from various sources, we add custom annotation using various sequence analysis methods. The following descriptions focus on procedures used for these custom annotations as well as some special annotation types.
Transcription factor binding site. The vast majority of SNPs occur in noncoding sequences of the genome. Their influences on phenotype may be through biological mechanisms such as transcription factor binding, alternative splicing, etc. To help researchers dissect the impacts of SNP alleles on transcriptional control of gene expression, we analyzed the nucleotide sequences containing SNP alleles and tried to identify the transcriptional factor binding sites they may affect. For each SNP, a pair of sequences containing either the major or minor allele (together with their shared 5' 24 nucleotides and 3' 24 nucleotides) is derived from the dbSNP. Then, each pair of these major allele/minor alleles containing sequences related to a given SNP is analyzed for potential transcription factor binding site matches through sequence alignment, as shown in Figure 2 . We create an entry in our annotation database if the two alleles from the same SNP have different match scores with a potential transcription factor binding site.
In the current version, we utilize two programs provided with the TRANSFAC Pro database, Match TM (Kel et al., 2003) 
Biological functional categories:
Rather than focusing only on the SNP functional consequence at the single molecule level, we also map SNPs to genes, Gene Ontology, Cytoband, KEGG pathway, BioCarta and GenMAPP in order to facilitate the understanding of the impact of SNPs in higher level biological functions. We first map the SNPs to Entrez genes according to their genomic locations, and then the Entrez genes are mapped to different functional categories. Consequently, SNPs are associated with biological function categories in popular gene function annotation databases. In order to help users to identify significantly over-represented function category matches, our system performs an on-the-fly Fisher's Exact Test for each matched function category based on the user provided input SNP list. Disease association: Free text literature databases such as Medline and OMIM contain extensive information on the relationship between genetic markers and diseases, although most existing genetic study literature focuses on cytoband, microsatellite markers and genes. Since these genetic markers can be easily mapped to nearby SNPs in our system, the large body of free text literature on genetic analysis of diseases provides a rich resource of information for understanding the potential functional significance of SNPs. To effectively utilize the related information in free text literature, we build a free text literature processing pipeline for extracting information on genetic markers and their relationships to diseases, using natural language processing techniques. More than one thousand diseases in OMIM are linked to genetic studies described in the Medline. The corresponding genetic markers and literature links are stored in our database. The related details will be described in a separate manuscript, but interested users may want to try the MarkerInfoFinder (http://brainarray.mbni.med.umich.edu/ Brainarray/DataMining/MarkerInfoFinder/default.asp), which is the main product of our genetic marker literature mining project. It enables the search of the Medline database using various genetic marker names directly.
Links to external sources. We integrate downloadable raw data directly related to, or useful for, SNP functional annotation from major public domain databases. However, there are also useful web databases that currently support web-based inquiries only, with no raw data downloadable. For the user's convenience, we provide direct web links to data in these external databases through reference SNP IDs. Researchers can easily navigate to these external web databases for SNP annotations not in our database for additional details. For example, for each SNP, we include direct web links to the dbSNP and the LS-SNP (predictions of protein functional changes due to SNP) from University of California San Francisco (Karchin et al., 2005) . We continue to add data to support our integrated annotation database. If there are public or custom SNP annotation data that researchers would like to include in our web database, we would either directly integrate the data into our database or provide corresponding web links based on reference SNP IDs.
HapMap data calculation: The identification of blocks of SNPs in the same LD region is critical for the understanding of the functional significance of candidate alleles. We integrate the HapMap Phase II data to support function exploration of all genetically related SNPs based on different LD scores such as r 2 , D' and LOD score. In addition, we calculate the haplotype blocks with two methods, Confidence Intervals (Gabriel et al., 2002) , and Four Gamete Rule (Wang et al., 2002) , using the HaploView package (Barrett et al., 2005) . The calculation of haplotype blocks is performed on all four populations currently in the HapMap project: European, Chinese, Japanese and African. As a result, researchers can easily find all SNPs genetically related to their input list (e.g., SNP, STS, gene) in these four populations.
Web functions
Web Interface: Our portal supports searches of functionally related SNPs at one stop. With our search engine, researchers can freely scan the related genomic and genetic regions of their targeted SNPs. Even if some researchers do not have targeted SNP lists, they can search for SNP IDs in genomic regions, genes, functional categories, and pathways of interests through our Search SNP web function (not shown). In addition, our SNP portal supports UniSTS IDs as input. We will automatically match the genetic markers to the closest SNPs and conduct the additional genomic and genetic scanning based on user-defined criteria. Figure 3 shows the search interface for the SNP Function Portal.
In the initial search interface, users need to provide a list of either SNP or UniSTS IDs. They can also find SNPs that they might be interested in through our Search SNP function, which will fill SNPs list input box automatically based on users' criteria. Researchers can indicate the size of neighboring genomic regions for the SNP list they desire. Our search engine will automatically search and identify all the SNPs located in those genomic regions. One may also select gene neighbor to include SNPs in the context of the genes and their promoter regions for the SNPs in their input list. Our search engine will first search for all the Entrez genes that the input SNPs belong to, and then include all the SNPs in the genes as well as their 5' upstream regions users select.
Furthermore, our search function will search and include all the SNPs within user-defined linkage disequilibrium regions through different linkage disequilibrium scores or haplotype blocks. Taking all the SNPs in the related genomic/gene neighbors as a pool, our search engine will identify all SNPs satisfying the user-defined linkage disequilibrium criteria. Finally, the SNPs identified through all the above-mentioned processes will be returned to users in the result page, along with their annotations currently available in our database. The searching process is demonstrated in Figure 4 . Samples of annotations are demonstrated in Figure 5 and Figure 6 .
Additional annotation data access methods
While we expect most users to use the SNP Function Portal web interface to explore the functional significance of their chosen genetic markers, we also provide different ways to download data to meet large-scale custom analysis requirements or integrate our SNP search function in other web applications.
Direct download for external sources For all the data we processed and integrated in our database, we provide direct downloads of raw data if researchers want to analyze or further process them in-house. Data can also be downloaded as Microsoft Excel spreadsheets or text files.
Web Service: Since we believe our SNP search function utilizing the HapMap II data as well as genomic location of gene and other genetic markers is unique and very powerful, we also establish a web service at http://brainarray.mbni.med.umich.edu/snpservice/service.asmx, for researchers who only want to retrieve the list of related SNPs through our search engine without any annotation attached. The web service will take the same user defined parameters as those in the web query interface in Figure 3 . The description of parameter calls is available at http://brainarray. mbni.med.umich.edu/snpservice/SNP_service_desc.htm, and the WSDL description of the web service can be retrieved at http://brainarray.mbni. med.umich.edu/snpservice/service.asmx?WSDL. We will also evaluate options to add new capabilities to the web service and make it compliant to common biological exchange protocol, such as BioMOBY.
EXAMPLES
Our SNP Function Portal can be a very convenient tool for researchers to identify and evaluate possible SNP targets for genotyping studies. Complementary to full annotations at the single SNP level provided by the dbSNP and Ensembl, our portal takes a list of SNPs or genetic markers for a comprehensive annotation view together with a SNP LD score filter.
For example, resistin is a peptide hormone produced by adipocytes that may provide a mechanistic link between insulin resistance and obesity (Steppan et al., 2001) . To investigate the functions of SNPs in the resistin gene, a group of researchers conducted a literature search to identify previously associated SNPs (Conneely et al., 2004) . The process could be very time consuming and the information found in the literature may also need to be compared with the most recent SNP annotations. Our portal provides a convenient solution to this kind of cherry picking task. With our Search SNP tool, the gene name ''resistin'' identified 21 SNPs using gene-based searching approach. Furthermore, our search tool in SNP Function Portal identified additional 6 SNPs in the same linkage disequilibrium region with D' score greater than 0.9, which are about 30kbp upstream of resistin. As a result, researchers can Figure 5 shows the output of transcription factor binding site annotation for a group in the resistin gene. When navigating to the Transcript Level, the user can click the TRANS-FAC binding site or matrix next to a SNP ID, and view the potential matches for transcription factor binding sites for the SNP flanking sequences. The transcription factor binding sites shown above are for rs1862513, which was identified in the promoter region of the resistin gene (Banerjee & Lazar, 2003) . The SNP variation of rs1862513 is shown to cause different matching scores to the binding site of transcription factor c-Myc (Transfac Matrix ID V$TFIII_Q6).
quickly get an overview of all SNPs that may be related to the resistin gene in our system.
In addition, our custom annotations on transcription factor binding sites, protein domain changes and pathway matches can provide researchers additional insights that are not readily available in the current public SNP databases. For example, in our analysis, rs2076489 occurring in the coding region of GABA B receptor may cause domain changes of the 14-element fingerprint, which is the signature of type 2 GABA receptors. Furthermore, our matching of SNP to transcription factor binding matrix suggests that rs2251 may cause changes in binding sites of transcription factor Pit-1 or hypoxia induced factor.
Without doubt, the output is limited by available annotations, and most SNPs cannot be associated with any functional annotation right now. We will continue updating our annotation database to ensure that the SNP Function Portal always contains the most extensive set of annotations available.
DISCUSSION
In summary, the SNP Function Portal is a one-stop solution for exploring the potential functional implications of different types of genetic markers through a powerful HapMap II-based search function. Although we certainly need to add more SNP functional annotation data sets, it is already the most powerful SNP annotation web function in the public domain.
In the next phase of development, we plan to consider the use of haplotypes in protein domain analysis. The current version is based on the effect of individual SNPs, as the current HapMap data available at that time did not include enough coding region nonsynonymous SNPs for generating meaningful haplotype-based protein domain analysis data for most of the proteins.
Analyzing the effect of a SNP on gene transcription is a major challenge. Although the TRANSFAC database is the most complete database for transcription factor binding sites, it is far from complete and de novo transcription factor binding site identification methods developed in recent years should be helpful (Thompson et al., 2003) . In addition, even if a SNP is found to change a transcription factor binding site significantly, it is still hard to predict its effect on transcription of the corresponding gene. This is because there is still no accurate model to predict the effect of each transcription factor binding site modification. It can be expected that the accumulation of genotyping data, together with gene expression data from the same samples should provide more reliable data on the influence of SNPs on gene transcription.
Natural language processing approaches for extracting genetic marker-disease relationships in free text databases can also be used to identify relationships between genetic markers and other molecular, cellular and organism-level processes. Such literature derived information will be complementary to the largely sequence-based SNP functional annotation since it is not limited to the molecule/sequence containing the SNP itself but may focus on inter molecular or higher level functions.
We want to point out that the SNP Function Portal is designed for effective SNP function exploration rather than for SNP function prediction. Nonetheless, by incorporating functional annotation data from various data sources and analysis methods, it will become an important tool for understanding genotyping data derived from genome-wide scanning and promote the generation of testable hypotheses. We are committed to updating the SNP Function Portal on monthly basis to keep up with the rapid development in this field. Fig. 6 . Gene Ontology Annotations Our Pathway Level features a tree view of common biological functional categories. When users navigate to this level, a click on the ''C'' icon next to a SNP ID will open the category tree on the left pane in the same browser to display all the matched categories in Gene Ontology, Biocarta, KEGG Pathway, etc. for the user selected SNP. In addition, the Fisher's Exact Test p-value for the group of output SNPs matching to functional categories will also be displayed. The example in the figure show that rs3219176 can be mapped to the molecular function of fatty acid binding.
